Abstract. Transrectal ovarian ultrasonography was performed to examine follicular and luteal dynamics during the estrous cycle in four adult female Shiba goats. Detectable follicles and the corpora lutea in both ovaries were monitored daily for 44 days using a B-mode scanner with a 7.5 MHz transrectal transducer. Blood samples were collected by jugular venipuncture at the time of ultrasonography and analyzed for estradiol-17β and progesterone by radioimmunoassay to monitor ovarian activity. Three to six follicles, whose diameters ranged from 1 to 7 mm, were observed throughout the estrous cycle; a few follicles grew to more than 5 mm in diameter and most of them atrophied during the luteal phase. Ovulatory follicles appeared from 5 days before ovulation coinciding with the start of the regression of corpora lutea, and then grew rapidly into 5.5 ± l.0 mm (mean ± SD) in diameter in parallel with the increase in the plasma concentration of estradiol-17β. The corpora lutea, 6.1 ± 1.3 mm in major axis, were detected from 3.0 ± 1.6 days after ovulation and stopped growing on 6 to 8 days after ovulation, with a major axis of 8.1 ± 2.2 mm. The mean length of the major axis of fully developed corpora lutea remained constant until 14 days after ovulation and then decreased rapidly to 5.2 ± 1.7 mm on the day of the next ovulation. In the early and functional luteal phase, there was a positive correlation between mean length of the total major axis of corpora lutea and mean plasma concentration of progesterone, whereas in the late luteal phase, the mean length of the total major axis of corpora lutea decreased slower than the progesterone levels. The present study demonstrated the ovarian follicular and luteal dynamics throughout the estrous cycle, indicating that ultrasonography is a reliable means for monitoring ovarian activity in Shiba goats.
technique has also been used in the clinical research field to examine the mechanisms responsible for ovarian disorders such as ovarian cyst [7] .
Ultrasonic imaging analysis had not been used for reproductive organs in small ruminant species, however, until the recent study by Schrick et al. [8] in ewes. They applied the high-resolution transrectal transducer, which is used for human prostate examination, to investigate the changes in the ovarian structures during the estrous cycle.
The Shiba goat, Japanese indigenous goat, has been proven to be a useful experimental model for he transrectal ultrasonography has been used to monitor the structural changes in the reproductive organs of domestic animals, for example, ovarian follicular growth and luteal events during the estrous cycle in cattle [1, 2] and pigs [3] , and resumption of ovarian activity [4] [5] [6] and morphological uterine involution throughout the early postpartum period [5] in dairy cows. This scientific study of domestic ruminants. Some aspects of their endocrine and neuroendocrine characteristics governing the reproductive system have been studied [9] [10] [11] [12] [13] [14] . However, a method for monitoring changes in the ovarian structures of this species without surgery or slaughter has not been established in this species, and, therefore, ovarian dynamics in various reproductive states remains unknown. The establishment of an ultrasonographic technique for monitoring ovarian follicular and luteal dynamics in the Shiba goat would provide an opportunity to study the mechanisms controlling ovarian function in ruminant species. In the present study, we tried to use the transrectal ultrasonography to monitor ovarian structural dynamics in Shiba goats and demonstrated changes in the follicles and corpora lutea in association with circulating concentrations of ovarian steroid hormones during the estrous cycle.
Materials and Methods

Animals
Four adult female Shiba goats (4 to 5 years old and approximately 25 kg of weight) with regular estrous cycles, were used. They were kept in a paddock or in indoor cages under a 12 h light and 12 h dark cycle during the experiment.
Ultrasonic evaluations
Ovarian images were obtained using a B-mode scanner (Aloka SUPER EYE SSD-500; Fujihira Industry Co., Ltd, Tokyo, Japan) equipped with a 7.5 MHz transducer (UST-660-7.5; Aloka Co., Ltd, Tokyo, Japan) which was designed for prostate examination in humans. The procedure for ultrasonographic observation of ovaries was based on the method originally developed for ewes [8] with some modifications.
During observation, the ultrasonographic probe was covered with a special balloon fixed with a rubber band, and the space between the balloon and the probe was filled with boiled water to take clear images. The animals were tied loosely in the stanchion stalls at the standing position, and the probe was introduced with the sound beam directed ventrally into the rectum through the anus. Then the probe was forwarded to look for the urinary bladder. Once the urinary bladder had been identified, the probe was advanced slowly until the small antral part of the urinary bladder came into the image of the scanner and then rotated clockwise or counter-clockwise across the reproductive tract until an ovary was scanned.
The follicles were detected as echo-free black spheres and the corpora lutea were detected as spheres or ellipsoids which were imaged a little more echo-free than echo-genic ovarian stroma (Fig.  1) . During the experiment, the position and size of follicles and corpora lutea in both ovaries were sketched in relation to each other, and the sketch was compared to those of the preceding days to identify individual follicle and corpus luteum imaged previously.
The diameter of each follicle and the major axis of the corpus luteum were measured with the scanner's electronic calipers (Count as one fractions of 0.5 mm and over and cut away those of less).
Experimental procedure
All ovarian follicles and corpora lutea were observed for 44 days and the follicles that grew to more than 5 mm in diameter were recorded for analysis of growth, ovulation and atrophy in each goat. The day of ovulation (day 0) was determined as the day when a large antral follicles, which had previously been identified and had continued to grow for several days, suddenly disappeared.
Blood samples were collected every day by jugular venipuncture at the time of the observations. Plasma was separated by centrifugation immediately after the blood collection and stored frozen at 20 C until the assays for concentrations of progesterone and estradiol-17β.
Radioimmunoassay
Plasma concentrations of estradiol-17β and progesterone were measured by the radioimmunoassay as described by Taya et al. [15] . Intraand inter-assay coefficients of variation for estradiol-17β were 11.4% and 10.3%, respectively, and intra-and inter-assay coefficients of variation for progesterone were 7.9% and 4.6%, respectively. The sensitivity for estradiol-17β and progesterone assays were 0.19 pg/ml and 3.0 pg/ml, respectively.
Statistical analyses
Data were expressed as mean ± SD and Student's t test was used for evaluation of the results. p< 0.05 was considered to be statistically significant.
Results
Estrous cycle
The estrous cycle durations, i.e., the interovulatory intervals, in 4 goats were 19, 19, 21 and 22 days, respectively, and the mean duration was 20.3 ± 1.5 days.
Follicular dynamics
Three to six follicles with diameters of 1 to 7 mm were detected throughout the estrous cycle and almost all of them atrophied without ovulation.
Developmental and atrophic profiles of follicles that grew to more than 5 mm in diameter throughout the estrous cycle of individual goats are shown in Fig. 2 . The follicles that grew in the early-to middle-estrous cycle atrophied and disappeared without ovulating (non-ovulatory follicles). On the other hand, all of the follicles that appeared in the latter half of the estrous cycle grew to more than 5 mm in diameter and then ovulated (ovulatory follicles). The mean ovulation rate (synonym for ovulation number) was 2.8 ± 1.0 (range, 2 to 5) for 8 ovulatory events in 4 animals, and the total number of ovulatory follicles in the right and left ovaries were 13 (59%) and 9 (41%), respectively. The characteristics of the nonovulatory and ovulatory follicles are shown in Table 1 . The duration of follicular growth was defined as the period from the day on which a follicle was observed for the first time to the day on which a follicle grew to its maximum diameter. The duration of follicular atrophy was defined as the period from the day on which the diameter of a follicle began to decrease to the day on which that follicle was no longer detectable. Nonovulatory and ovulatory follicles developed for 5.5 ± 2.5 and 5.7 ± 1.8 days, respectively, and grew to maximum diameters of 5.9 ± 0.8 and 5.5 ± 1.0 mm, respectively. No significant difference was detected in the duration of growth and the maximum diameter between non-ovulatory and ovulatory follicles (p>0.1).
The relationship between total diameter of ovulatory follicles and mean plasma concentrations of progesterone and estradiol-17β during the follicular phase is shown in Fig. 3 . Almost all of the ovulatory follicles were detected from 5 days before ovulation, coinciding with the decline in progesterone concentrations. Then they rapidly developed, reaching a peak diameter of 5.5 ± 1.0 mm on the day before ovulation, and the plasma concentration of estradiol-17β increased in parallel with the follicular growth until ovulation.
Corpora lutea
The corpora lutea were detected from 3.0 ± 1.6 (range, day 1 to 6) days after ovulation for 8 ovulatory events in 4 animals, and they stopped growing on day 6 to 8. The mean major axis of the corpus luteum increased gradually from 6.1 ± 1.3 mm on day 3 to 8.1 ± 2.2 mm on day 9 and remained at about 8 mm in diameter until day 14. It then decreased rapidly to 5.2 ± 1.7 mm on the day of the next ovulation. The relationship between the mean length of the total major axis of corpora lutea and the plasma concentration of progesterone over a period of 10 days before and after ovulation is shown in Fig. 4 . In the early and functional luteal phase, mean length of the total major axis of corpora lutea changed in parallel with the mean plasma concentration of progesterone, whereas in the late luteal phase, the plasma concentration of progesterone, which began to decrease 2 days before the start of the regression of corpora lutea, decreased rapidly. The correlation coefficient of the mean length of the total major axis of corpora lutea and plasma concentration of progesterone was 0.80 throughout the estrous cycle and 0.96 from day 0 to day 9. Some regressed corpora lutea were observed even after the subsequent ovulation.
Discussion
In the present study, we successfully applied transrectal ovarian ultrasonography, which had been used originally for human prostate examination and had also been used in ewes [8] , to investigation of structural changes in the ovaries of Shiba goats. The follicles and corpora lutea were clearly scanned and their growth and regression accorded well with the changes in the plasma concentrations of estradiol-17β and progesterone, indicating that this technique is feasible for monitoring the ovarian dynamics in female Shiba goats. However, simultaneous occurrence of growth and regression in several follicles and corpora lutea caused technical difficulties in identification of individual follicles and corpora lutea that had been observed in the preceding days. Therefore, careful observation (including, for example, sketching of imaged ovaries) is required to monitor the dynamics of follicles and corpora lutea in the polyovular species throughout the estrous cycle.
Ultrasonographic studies in cattle have revealed two or three follicular waves during the estrous cycle, in which one of several growing follicles became the dominant follicle and the other follicles atrophied [1, 2] . In the ewe, serial laparotomy and ink labeling of large follicles led to the conclusion that three or possibly more phases of follicular growth and atresia occurred during the estrous cycle [16] . On the other hand, Schrick et al. [8] , who used transrectal ultrasonography in a recent study on ewes, reported that the growth and atrophy of large antral follicles were observed in the luteal phase but that the two largest follicles grew simultaneously at the same rate and did not suppress the growth of the other follicles, suggesting that the follicular wave was lacking in the ewe. In the present study, several large follicles appeared and grew coincidentally, and the follicular dominance associated with growth in cattle was not prominent in Shiba goats. The present results support the speculation by Schrick et al. [8] that follicular dominance is weak or lacking in the polyovular ruminants (such as ewes and goats), which is probably involved in the regulation of multiple ovulation. The present study demonstrated that corpora lutea stopped growing 6 to 8 days after ovulation and began to regress from 15 days after ovulation. It was reported that the corpora lutea completed development approximately 7 days and 5 days after ovulation in the cow [17] and ewe [8, 18] , respectively, and started to regress approximately 18 days and 11 days after ovulation in the cow [17] and ewe [8, 18] , respectively. Considering that the lengths of the estrous cycles are about 21 days in cattle and Shiba goats [9] and about 17 days in ewes, it is clarified that the number of days required for the completion of corpora lutea development in Shiba goats is similar to that in cattle and ewes, and that the timing of the start of the regression of corpora lutea during the estrous cycle in Shiba goats is intermediate between that in cattle and ewes.
The area of corpora lutea has been used as an index of the plasma concentrations of progesterone during the estrous cycle and early pregnancy in the cow [19, 20] , ewe [8, 18] , llama [21] and mare [22] . In the present study, the total major axis of corpora lutea in both ovaries was used as an index, and it was found to be associated with changes in the plasma concentration of progesterone. These results indicate that the total major axis of corpora lutea is a reliable index of peripheral progesterone level in Shiba goats. The rate of decrease in the length of the total major axis of corpora lutea during luteolysis was less than that of the plasma concentration of progesterone, which is similar to the results reported previously in cows [19] . These findings indicate that the corpora lutea lose their function to produce progesterone before they begin to decrease in size.
In conclusion, the present study demonstrated changes in the ovarian follicles and corpora lutea throughout the estrous cycle by transrectal ultrasonography, indicating that ultrasonography is reliable for evaluating ovarian activity in Shiba goats. Since the Shiba goat has proven to be a useful experimental animal, this technique could be used in studies to elucidate the mechanisms regulating normal and abnormal ovarian activities in ruminant species.
